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Abstract 
Solar thermal systems without appropriate control strategies are often working inefficiently despite high quality components and 
suitable hydraulic concepts. In this paper different control strategies for solar cooling systems are compared and evaluated 
according to their exergetic efficiency. Therefore, a Software-In-The-Loop test bench is used. The original controller of a solar 
thermal system is connected to a building simulation model. The simulation model is created with the modeling language 
Modelica using the simulation environment Dymola. This enables testing and monitoring of various control strategies. These 
controlling strategies are evaluated according to the energetic as well as exergetic output. Models for different parts of the 
hydraulic system are set up and validated. These different components are combined to a virtual solar test bench. The virtual test 
bench is connected to the system controller using Ethernet connection and an adapting program which has been created in C-
Code (Software-In-The-Loop). Thus it is possible to use the advantages of a simulation environment, like performing repeatable 
tests with specified weather conditions, without implementing the control algorithms of the devices into Dymola. In a test 
scenario, two different control strategies for a solar cooling system have been implemented. First, a strategy to maximize the 
energetic output of the solar collectors is applied (Maximum Yield Strategy). Thereby the flow temperature of the solar system is 
kept as low as possible in order to increase the collectors’ efficiency. Second, the flow temperature is adapted to the required 
temperature of the absorption chiller, which leads to a lower energetic output of the collector and to a higher temperature level of 
storage (High Temperature Strategy). This paper shows that Software-In-The-Loop tests can be used for the optimization of 
control strategies. In the test scenario, the High Temperature Strategy leads to lower energy yields due to lower solar collector 
efficiency, whilst the exergy output and the output of cooling energy of the absorption chiller can be significantly increased. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer review by the scientific conference committee of SHC 2013 under responsibility of PSE AG. 
Keywords: Solar controller; Exergy; Software-in-the-loop; simulation, Modelica 
 
 
* Corresponding author. Tel.: +49-241-80-49796; fax: +49-241-80-49769 
E-mail address: mhuber@eonerc.rwth-aachen.de 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer review by the scientific conference committee of SHC 2013 under responsibility of PSE AG 
 Max Huber et al. /  Energy Procedia  48 ( 2014 )  850 – 857 851
1. Introduction 
Solar thermal as well as solar cooling systems without appropriate control strategies are often working 
inefficiently despite high quality components and suitable hydraulic concepts. Due to inefficient control strategies, 
the energetic potential of solar cooling systems are often not used properly [1].  
The optimization of controllers during field tests is a slow and expensive process. The combination between 
standard controllers on the one and building simulation platforms on the other hand provides a cheap and fast 
alternative to test and optimize control strategies.  
In this paper, a Software-In-The-Loop concept is presented. As an example, different control strategies for solar 
cooling systems are compared and evaluated according to their exergetic efficiency.  
 
Nomenclature 
E Exergy (kWh) 
T Storage Temperature (K) 
TU Ambient Temperature (K) 
Q Stored Heat Energy (kWh) 
QSolar Gathered Solar Energy (kWh) 
QCold Amount of Cooling Energy (kWh) 
Wel Electrical Energy Demand (kWh) 
COP Coefficient of Performance 
2. Software-In-The-Loop test bench 
2.1. Software-In-The-Loop concept 
In order to compare the impact of different control strategies, a virtual test bed is used. This virtual test bed 
consists of a simulation model of a solar thermal system including an integrated absorption chiller. The simulation 
model is created with the modeling language Modelica [2] using the simulation platform Dymola [3].  
The simulation model is connected to a standard system controller using Ethernet connection and an adapting 
program which has been created in C-Code (Software-In-The-Loop). Thus it is possible to use the advantages of the 
simulation environment, like repeatable tests with specified weather conditions, without implementing the 
controlling algorithms in Dymola. The basic Software-In-The-Loop concept is shown in Figure 1. 
 
 
Figure 1: Software-In-The-Loop-Concept 
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2.2. Simulation model 
In order to test the Software-In-The-Loop concept, a simulation model of a solar cooling system as shown in 
Figure 2 is used. This solar cooling system consists of two separated solar thermal fields (1) with different 
orientations (SE & SW). The primary and secondary circulation pumps (2, 3) are not speed controlled. The yields of 
both collector fields are stored in a common hot water storage tank. This storage is divided into two sections which 
can be loaded separately. Switching valves (4, 5) are used for stratification. An absorption chiller (6) is connected to 
the hot water storage as a heat consumer. 
 
 
Figure 2: Hydraulic scheme of the Virtual test bench: 
2.2.1. Solar collector 
Solar collectors are converting electromagnetic radiation into heat. The heat energy is transferred by a heat carrier 
fluid [4]. The simulation model for the processes of solar thermal collectors is equation-based. Thereby, the angle of 
direct radiation as well as the lowering of the collectors’ efficiency at inclined incidence angle is taken into account 
[5]. Also diffuse radiation [4] and the collectors’ efficiency curves [5] are regarded in the simulation model. 
The technical details of the simulated solar thermal collectors are listed in Table 1 
Table 1: Details of simulated solar thermal collectors 
Component / Model South-East collector South-West collector 
Alignment - 70 ° 20 ° 
Angle of attack  45 ° 45 ° 
Aperture area 22,5 m2 30 m² 
2.2.2. Heat exchanger 
The counter flow heat exchanger is used for the separation between the collector medium (glycol) and the storage 
medium (water). The simulation of the heat transport of the heat exchanger is based on the NTU-method (NTU: 
Number of Transfer Units). Thereby, the flow temperatures and thermal capacities of both sides are used, in order to 
calculate the heat flow and thus the return temperatures of the two sides. [6] 
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2.2.3. Hot water storage 
The hot water storage is assumed to be a vertical cylinder with connectors for heat supply and extraction. In order 
to approximate the thermal stratification, the cylinder is divided into 9 layers. The connectors for supply and return 
are assigned to one layer each. If two fluid flows with different temperatures mix in one layer, an adiabatic mixture 
is assumed. 
In the simulation, each layer has thermal connections to the neighboring layers as well as to the storage surface. 
Thereby, the heat losses of the storage (ambient temperature is assumed to be constant at 22 °C) as well as the heat 
transfer between different layers are included (see chap. 4.1). The hot water storage has a total capacity of 
1000 liters. 
2.2.4. Absorption chiller 
The model of the absorption chiller is based on the data of a WEGRACAL SE 15 from EAW. The nominal 
cooling performance is 15 kW. The simulation bases on data from the manufacturer EAW [7]. 
The volume flows of the three circuits are assumed to be constant. The temperature of the recooling circuit is also 
constant at 32 °C. Thus, the cooling performance of the chiller basically depends on the level of the heating 
temperature. 
2.2.5. Weather model 
Direct and diffusive solar irradiation as well as ambient temperature are calculated according to values from the 
test reference year data base. [8] 
2.3. Validation of the simulation model 
The simulated components have been validated by comparing the simulation results to experimental data and 
calculated values from industrial standards. The deviations of all components are smaller than 2 %. Table 2 shows 
an overview of the validation references and results. 
Table 2. Overview of validation references and results: 
Component / Model Validation reference relative deviation (max) 
Solar collector Measured values (hardware test bench) 1 % 
Heat exchanger Manufacturer’s information 1,5 % 
Hot water storage 
Absorption chiller 
Manufacturer’s information 




The performance of the combined system model is not validated because no test facility is available. Nevertheless 
the accuracy of the overall system is assumed to be acceptable, as the simulation results for single components of the 
simulation are accurate. Furthermore, for the test of control applications, it is sufficient to work with simplified 
simulation models and thereby reduced computing effort. 
2.4. Hardware of the controller 
As solar controller, a standard device without BUS-interface is used. The operating system is Linux-based. The 
data inputs as well as the controlling outputs are based on analogue signals. The controlling algorithms can be 
implemented and changed via Ethernet connection. 
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2.5. Data interface 
The values of the measuring sensors as well as the operating signals of the controller are stored in a shared 
memory before they are actually used.  
The external software PuTTY [9] is used in order to connect the Dymola simulation model (Windows 
environment) with the shared memory of the controller (UNIX environment). A batch file also includes the 
chronological sequence of the data exchange. 
The calculated parameters from Dymola are written into a .txt-file. This is transferred via PuTTY into the shared 
memory of the controller using the parameter IDs of the corresponding sensors. After writing the values from the 
.txt-file into the shared memory of the controller, the calculation time of the controller is about 100 ms. The script is 
therefore waiting for 1 s to ensure, the end of the calculation process is reached. Afterwards, the actuating 
parameters are transferred to Dymola also via a .txt-file. The cycle time for one data exchange lasts 8 -9 s. 
Figure 3 shows an overview of the structure and functionality of the data interface. 
 
 
Figure 3: Structure functionality of the data interface 
The different control loops of the controller are parameterized for real time processes. Therefore, also the 
simulation has to be real time based. Also Dymola has to be synchronized to real time conditions [3]. 
3. Control strategies 
The simulated system includes two solar thermal collector fields with different orientations as well as a divided 
hot water storage tank. The two solar fields are connected to common inlets of the storage (see 2.2) which feeds the 
absorption chiller.  
In order to test the data interface between controller and simulating software as well as to evaluate the whole 
Software-In-The-Loop strategy, two different controlling scenarios for the solar system are compared. 
On the one hand, a strategy to maximize the energetic output of the solar collectors is regarded (Maximum Yield 
Strategy). Thereby the flow temperature of the solar system is kept as low as possible in order to increase the 
collectors’ efficiency. On the other hand, the flow temperature is adapted to the required temperature level of the 
absorption chiller, which leads to lower energetic output of the collector, but also to a higher temperature level of 
the flow (High Temperature Strategy) [10].  
At both strategies, the level of the common flow temperature results from the mixing temperature of both 
collector fields. The heat storage is charged at this mixing temperature. The part of the storage which has to be 
charged is chosen according to the present temperature level. If the flow temperature is higher than the current 
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temperature in the middle of the storage, the upper part of the storage is charged. Otherwise, the lower part is 
chosen. (see Figure 2) 
3.1. Maximum Yield Strategy 
The basic principle of the Maximum Yield Strategy is to generate as much heat energy as possible from the solar 
thermal fields. Thereby the temperature level of the heat energy has no lower limit except the lowest temperature of 
the hot water storage. If both solar thermal fields are irradiated with different intensities, both collector pumps are 
switched on.  
The advantage of this strategy is that a big amount of energy can be gained due to reduced standing losses. Also 
the collector efficiency is quite high due to small temperature differences between collector and ambient 
temperature. [4] 
Disadvantage of this strategy is the low temperature level of the extracted heat energy. Especially for high 
temperature consumers, this may lead to an increasing demand of auxiliary heating. 
3.2. High Temperature Strategy 
If solar irradiation at one of the two fields is high enough to achieve a temperature level of the upper part of the 
storage, the pump of the other (lower irradiated) collector field is switched off. Thus, the storage is charged with 
heat energy at a higher temperature level. 
The advantage of this strategy is that the exergy of the gathered heat is higher than in the comparative test. Due to 
this, auxiliary heating can be avoided at certain constraints. Furthermore, the electrical energy demand of the solar 
pumps is reduced due to reduced activation periods. 
On the other hand, the total amount of gathered solar energy is lower than at the Maximum Yield Strategy due to 
reduced runtimes of the solar fields and lower collector efficiency rates. 
4. Evaluation of the simulation results 
4.1. Calculation of exergy 
In order to calculate the exergy of a thermal system, a reference temperature has to be defined. In the context of 
this experiment, it is reasonable, to use the ambient temperature of the hot water storage TU as reference temperature 
(see chap. 2.2.3). The exergy of heat storages can be calculated according to [11]: 
Q
T
TTE U  (1) 
E: Exergy (kWh) 
T: Storage Temperature (K) 
TU: Ambient Temperature (K) 
Q: Stored heat energy (kWh) 
 
The simulated hot water storage consists of several layers (see chap. 2.2.3). The calculation of the exergy is done 
for each of these layers separately. Thus, different exergy levels of the layers are considered. 
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4.2. Comparison of the two control strategies 
The simulations have been carried out for several days with different weather conditions. Figure 4 shows the 
simulation results for two of these simulated days. Day 1 thereby is a day with high ambient temperatures and high 
solar irradiation. Day 4 is a day with moderate ambient temperature and also high solar irradiation. 
It can be seen, that for these weather conditions the high temperature control strategy leads to slightly lower solar 
yields QSolar. The performance of the absorption chiller depends directly on the available temperature level of the 
storage (see chap. 2.2.4). Using the High Temperature Strategy, the amount of cooling energy Qcold is higher than 
using the Maximum Yield Strategy, although less heat energy is available from the solar collector fields. The higher 
temperature level of the solar yields is leading to a higher temperature level and thereby to a higher share of exergy 
of the resulting energy. The cooling performance of the absorption chiller is related to this exergy. 
The electrical energy consumption Wel of the whole system is slightly lower using the Maximum Yield Strategy. 
The reason for that is that the operating hours for the chiller and its auxiliary pumps are reduced because of 
insufficient storage temperatures. The COP (coefficient of performance) describes the ratio between cooling energy 
and expended electrical energy. It is a criterion for the efficiency and quality of a cooling process. The COP is 




QCOP    (2) 
The High Temperature Strategy is leading to a higher COP due to a better efficiency of the absorption chiller at 
higher temperatures. 
 
Figure 4: Simulation results for two simulated days. 
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5. Summary and outlook 
The combination between standard system controller and the simulation tool Dymola leads to a cheap and 
powerful test environment for control strategies. The current results demonstrate the usability of this Software-In-
The-Loop method. Therefore two reference scenarios have been tested at different weather conditions. The main 
intention has been to create a sufficient Dymola model as well as a robust and reliable interface to the used 
controller. 
Using these existing tools, it is possible to test and optimize a great variety of different control strategies at 
different weather conditions. Also tests for longer time periods are possible. 
The accuracy and the performance of the simulation model itself are sufficient for the purpose of control 
optimization. Nevertheless the accuracy can be improved further, if simulation times remain reasonable. 
The presented control strategies show that it is not sufficient to optimize solar thermal systems only for maximum 
solar yields of the collector. The overall system including the consumer side has to be taken into account. For solar 
cooling purposes it can be more efficient to accept lower solar energy yields in order to increase the system 
temperature and thus the cooling performance. So even without speed-controlled pumps, the efficiency of the whole 
system can be increased.  
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